Accurately characterizing the wireless small-scale fading channel has been a challenging task in the wireless communication era due to the surrounding environment. Therefore, this paper introduces a new technique to experimentally characterize the small-scale fading taking under consideration real environmental conditions. By conducting a two dimensional measurement while the mobile receiver is moving; a more accurate channel will be achieved. Two-dimensional measurement refers to collecting data from the receiver along the x and y direction. The two-dimensional measurement data contain far more information than a one-dimensional data collected. In order to represent the small-scale channel along with the real environmental conditions, new approaches are necessary to configure the two-dimensional system and to analyze the 2D data. The new approach this paper introduces for the characterization is that the measurements are conducted on a receiver while it is moving in a two dimensional manner, under different scenarios, Line-of-sight, Non-line-of-sight, and Two-wave-Diffuse Power. The experiment was conducted in a 7 meters long by 4 meters wide room, wherein the distance between the transmitter antenna and receiver is about 3 meters. Those scenarios represent different real-time conditions where obstacles differ from one scenario to another. For example, the line of sight scenario assumes there a clear line of sight between transmitter and receiver, Non line of sight assumes many obstacles between the transmitter and receiver, i.e. walls, cabinets, etc. and Two Wave Diffuse Power assumes a metallic reflector surrounding the receiver. The experiment showed more accurate results when compared to the one dimensional measurement that has been done in the past where
Introduction
Accurately characterizing the wireless small-scale fading channel has been a challenging task in the wireless communication era. However, as difficult as this task appears to be, it did not prevent developers to always find ways to improve the accuracy of characterizing the wireless channel. Unlike large-scale fading, a small-scale fading experiences rapid fluctuations of the transmitted signal due to the propagation environment, i.e. different types of unpredictable obstructions between transmitter and receiver. Measurements of the small-scale channel have been done in the past as reported in [1] - [3] , however there are major discrepancies between the propagation modeling of the channel and the actual measurements. The major discrepancies will be explained in detail in the next paragraphs.
Current small-scale fading measurement technologies are only able to offer a limited number of concrete measurements, which often is not enough data to assess complex small scale fading phenomenon. One-dimensional measurements have been studied in the past are reported in [1] . However, these studies only conducted measurements along one dimension and did not take under consideration that the signal would be traveling in a two-dimensional (2D) manner. By only conducting one-dimensional measurements essential components of the received signal strength variation, i.e. angle and distance from transmitter to receiver, are not part of the measurements. As a result, the measured data when compared with the model distributions did not seem to be adequate in describing small-scale fading for indoor propagation environments. Furthermore, due to the one dimensional measurement, there was break down for realistic situations where there are not enough data.
This task is principally illuminating a non-standard fading behavior in a close-in environments. This is very important for next-generation wireless systems, which are densified (increased cell density) and emerging Internet-of-things applications, where machines and objects will be connected wirelessly in the different types of environments. Some interesting two wave diffused power (TWDP) behavior, which has been measured in the past only sporadically by others. The TWDP is a particularly nasty distribution because of Delta > 1, the relative magnitudes of the TWDP distribution and high K, where K is the ratio of deterministic signal power to the average power of the rest of the signal, which indicates deep fades for the desired links but also frequent consecutive peaks (for interferers).
Researchers have considered measurements, estimation as reported in [4] and modeling of the propagation effects in the indoor environments; however, they have only considered a specific environment explicitly, i.e. the receivers are mounted in different locations in an indoor environment, and characterized them empirically using different modelling schemes as reported in [5] . The work presented in [5] only considered a fixed wireless devices environment and thus the empirical results and modeling cannot represent a mobile device environment, where the wireless communication takes place while the mobile device is moving. Furthermore, when the receiver is being mounted or fixed in a location, the measured data will not show much of the constructive and destructive interference which is caused by the obstacles within the room in relation to the movement of the wireless device i.e. receiver.
The work presented herein an alternative technique for measuring the small-scale fading that allows for the measurement of 2D field; wherein the measurements are taken at regular intervals as the wireless device is moving down the track in both x-axis and y-axis direction. In this paper, we investigate both constructive and destructive interference which is caused by the obstacles within the room in relation to the movement of the wireless device. Techniques offered in the paper will enable the receiver to capture more useful information, unlike work done in the past wherein the data captured is basically the variation in amplitude due to the distance variation in one direction only. Techniques in this paper will capture data due to angle variation, since the receiver is moving in two directions, constructive and destructive interferences caused by the obstacles within the room in relation to the movement of the receiver. Furthermore, different modeling schemes were investigated in the 2D environment as well as the movement of the wireless device.
Test Setup
An experiment was carried out to obtain the received level characteristics in a laboratory room on the top floor of the Van Leer building at the Georgia Institute of Technology. The room is approximately 7 meters long and 4 meters wide as shown in Figure 1 . The environment inside the lab includes many obstacles between the transmitter and receiver (metal shelves, tables, chairs, and testing equipments, located mostly against the walls) as shown in Figure 3 . The receiver is mounted on a three-dimensional positioner machine. The receiver moves towards and away from the transmitter along the x-axis, and along the y-axis. The movement of the linear positioner is in a two-dimensional manner. The linear positioner moves 45.7 cm along the x-axis and y-axis respectively. The movement of the linear positioner was programed to move along both the axis in 2.5 cm step size.
A signal generator was used to transmit signal at power levels −5 dBm, and 15 dBm at a carrier frequency of 2.43 GHz. A spectrum analyzer was used to receive the signal and record its level. Omni-directional antennas were used to transmit and receive the signal. The separation distance between the transmitter and receiver was different under various test scenarios. Furthermore, a heavy metal cabinet was used in one experiment and aluminum foil on a frame in another to act as large signal reflectors to create two specular components. In this experiment, three general scenario types were constructed. Figure 1 shows a transmitter antenna and a receiver antenna separated by a 3 m distance. The transmitter antenna is connected to a signal For simplicity of understanding, three-dimensional linear motion along the x-axis and y-axis will be considered in this paper. The location of the transmitter is known and is taken to be fixed relative to the mobile receiver. The mobile receiver is installed on the extended arms of the three-dimensional linear positioner, which can move its three mutually perpendicular arms in three dimensions. The entire system with receiver, transmitter, and positioner is illustrated in Figure 2 . Signal measured in both x and y directions are sensed at the mobile receiver, while the mobile receiver is moving in x and y direction. The received signal amplitude which will be used to compute the approximate position of the receiver in x and y direction relative to the transmitter. 3 shows a receiver antenna, which receives the signal and is connected to a spectrum analyzer. The spectrum analyzer collects the raw data (at a given position in the x and y directions) and loads it into the computer. Also visible in the figure is a metal cabinet behind the linear positioner that is used as a reflector in one of the set-up.
Test Scenarios
Three scenarios were tested during the experiments as expressed below:
Line-of-Sight (LOS)
Some indoor environment scenarios generally assume the existence of line of sight link in addition to multipath, delayed, lower power reflections. Thus in this scenario, we investigate the possibility to establishing LOS links in an indoor environment area, i.e., where the line of sight is available. The first scenario was the line-of-sight (LOS), wherein a pre-determined separation distance, i.e. 3 meters, between the transmitter and receiver that is mounted on the linear positioner was selected. Multiple runs, i.e. ten to twenty runs, were conducted in order to have enough data to perform the analysis. In this scenario, there were no obstacles between the transmitter and receiver in order to receive a clear or a strong signal.
Non-Line-of-Sight (nLOS)
One main source of errors of multipath fading is non-line-of-sight (NLOS) propagation conditions. While the errors resulting from multipath channel fadings can be easily avoided using classical diversity schemes, the issue of NLOS propagation is not so straightforward. In indoor environments, due to large number of walls, obstacles and moving people, the first arrival path between a transmitter and a receiver is rarely LOS. The second scenario was the non-line-of-sight (nLOS), wherein the transmitter was put outside the room in order to create a pure multiple path environments. The path between the transmitter and receiver had obstacles, e.g. walls and metal cabinets. Due to the fact that the separation distance between the transmitter and receiver was further than the LOS scenario, different transmitted power levels were selected, i.e. between −5 dBm and 15 dBm, in order to compensate for the longer distance between the transmitter and receiver, i.e. longer than LOS scenario, as well as more and numerous types of obstacles.
Two-Wave Diffuse Power
A related distribution is the Two Wave with Diffuse Power (TWDP) fading model. This distribution can characterize a large range of fading behavior and has a geometric justification in terms of two dominant line of sight components in the presence of a diffuse component. This distribution consists of two LoS components and multiple diffuse NLoS components, wherein this scenario occurs when there are large metal reflector that reflects the transmitted signal in which as a result a two wave signal is created with two dominant line of sight components. The third scenario was Two-Wave Diffuse Power (TWDP). TWDP has a non-specular component with numerous individual waves, each carrying power that is negligible compared to the total average power of either of two specular components as reported in [1] . This scenario used the metal cabinet as a reflector as shown in Figure 3 for one data set. Another data set included an aluminum foil, which was used as a reflector, shown in Figure 4 .
Furthermore, in Figure 5 , where the linear positioner is shown, there is a big metallic block that carries the linear positioner, extended arms, and controller. When the linear positioner is at its origin i.e. (0,0), the way the receiver is mounted is aligned with the front of the metallic block. The metallic block will have some effect on the results as will be explained later.
Theory
In this section we present three different distribution models, i.e. LOS, NLOS, and TWDP. These models are used later to compare the results of the measurements for each scenario. The result of the comparison between the models and the actual measurement data will indicate how accurate are the measurements in each scenario.
Fading
In wireless communication, fading is deviation of the attenuation of a signal over a propagation fading channel; wherein the fading channel is the communication channel that experiences fading. Furthermore, the fading is often modeled as a random process. Fading can be either due to multipath propagation as reported in [6] [7] , which is referred as multipath fading. Also, shadowing from obstacles effecting the propagation signal is known as shadow fading. 
Interference
There have been many investigations and experiments regarding indoor measurements in a systematic way at 2.4 GHz as reported in [8] - [10] . The presence of reflectors in the environment surrounding a transmitter and receiver create multiple paths that a transmitted signal can traverse. As a result, the receiver sees multiple copies of the transmitted signal, each traversing a different path. Each signal copy will experience differences in attenuation, delay and phase shift while traveling from the source to the receiver. This can result in either constructive or destructive interference, amplifying or attenuating the signal power seen at the receiver.
Background
A given time variant signal s is expressed in terms of real and imaginary parts given by:
wherein u and v are independent random variables, and the magnitude r and the phase φ of the time variant signal s is given by:
The probability density function (pdf) for the Rayleigh Distribution random variable as reported in [1] is given by: ( ) 
Rician Distribution
A Rician distribution is given by:
where A is a non-random component. Now in addition to the various non-LOS paths, there is a LOS path with peak amplitude A, where K is the Rician factor is given by:
where K is the ratio of deterministic signal power to the average power of the rest of the signal. This is called K-factor or Rician Factor. When 1 K > , a deep fade is not expected. Rician pdf is given by [2] ( )
where 0 I is the zeroth order modified Bessel function.
Two Wave Diffused Power
Recently there has been theoretical innovations in TWDP fading as reported in [11] , where a convergent infinite series expressions for the TWDP fading pdf and cdf (cumulative distribution function) were derived. A diffuse component is a non-specular component with numerous individual waves, each carrying power that is negligible compared to the total average power of the diffuse component. The diffused component channel can be written in terms of specular and non-specular components as reported in [12] given by: 
where N and M are the number of the specular waves and the non-specular components respectively, V is estimated amplitude, V is the amplitude and φ is the random phase. There is not exact TWDP pdf, however, the approximation TWDP pdf as reported in [12] is given by:
where α are the coefficients while here the K factor is, different than the K factor for the Rician factor, given by:
where 1 V and 2 V are the voltage magnitude of two specular components, and
Maximum Likelihood (Rician and TWDP)
Both A and σ are correlated thus it is desired to simultaneously estimate both the quantities by maximizing the likelihood function as reported in [13] , given by:
arg max log
where Â , and σ are the estimated amplitude and variance. The maximum likelihood L is given by:
where ( )
f r θ is the pdf of underlying distribution and θ is the parameter to be estimated. However, it is easier to calculate the log likelihood function as it reduces the above equation to series of additions instead of multiplication of several of terms as reported in [13] shown below: 
Results
In this section, we will discuss the results for the three scenarios, Line-of-sight, Non-line-of-sight, and Two Wave Diffused Power. The analysis was performed using Matlab software. Furthermore, the result for each scenario consist of two figures. The first figure shows the distribution of the measured data versus the theoretical models. The second figure the two dimensional data, where the colors of the two dimensional graph show the constructive and destructive interference pattern, i.e. deep fading. The intensity of the received power is relatively high denoted by the red color. However, when the extended arm, i.e. receiver, moves away along the x-axis and y-axis. i.e. at an angular direction, the received power starts deteriorating, denoted by various intensity of yellow and blue colors.
Line-of-Sight (LOS)
The first part of the analysis is analyzing the measured data by comparing the measured data with the models. Figure 6 shows a histogram from a few representative data runs, with various probability density functions overlaid. Using the Maximum Likelihood estimator as reported in [13] to estimate the Rician distribution K value which found to be 1 dB. As shown in Figure 6 , the histogram is approaching a Rician distribution with more than one specular component. Furthermore, the peaks are not weak to be diffused but are weak enough to show overlaid peaks on a Rician distribution. As expected, the histogram in Figure 6 almost fits the Rician distribution. However, the histogram shows a complex multi-peak structure, likely due to a combination of changing angle and amplitude with respect to both the transmitter and various reflectors in the room, e.g. metal cabinets. There were a few strong reflectors in the room, and conceivably one or more of them could have caused constructive and destructive interference. The second part of the analysis is to analyze the constructive and destructive interference patterns by analyzing the the two dimensional graph. Figure 7 represents a two dimensional data; however, it does not show clear evidence of a regular interference pattern, however, if this is what is occurring, different constructive interference peaks are likely due to different reflectors. It is noticed that at position (0 cm, 40 cm to 45 cm), where the extended arm of the linear positioner with the receiver mounted on it is at the closest position to the transmitter and aligned with the transmitter, the intensity of the received power is relatively high denoted by the red color. However, when the extended arm, i.e. receiver, moves away along the x-axis and y-axis. i.e. at an angular direction, the received power starts deteriorating, denoted by various intensity of yellow and blue colors. This phenomenon is due to the constructive and destructive interference. Furthermore, the area where x-axis is between about 0 cm and 26 cm and y-axis is between about 20.32 cm and 45.72 cm has high peaks because the receiver is closest to the transmitter and also the receiver is aligned with transmitter, as a result, clear line of sight is created. Fading in various areas is due to the chaotic effect due the surrounding environment as well as the angular movement of the receiver. If circles to be drawn around the high peaks, denoted by red colors, starting from left top corner, it is noticed that the power starts fading out gradually as the receiver moves away from the transmitter both in the y-axis and x-axis direction, i.e. at an angular direction. Furthermore, there is a void in the x-axis around 10 cm to 30 cm and in the y-axis around 5 cm to 18 cm, denoted by yellow and blue colors, and that is due to a chaotic effect. If the test was conducted in a larger area, a gradual fallout would be observed which is what the Rician distribution is, but this test was restricted to a smaller area. A gradual fall-out is realized at x-axis around 7 cm and y-axis around 45 cm and diagonally down to the right. In one-dimensional measurements, these multiple peaks would likely be averaged out into one or two peaks previous work as reported in reference [1] supports this, as one dimensional measurements by those groups did not see a set of peaks like this. Thus, this is likely to be an effect that only shows up in higher dimensions, i.e. two-dimensional. Figure 8 shows an excellent fit for the Rayleigh distribution in which there was no clear line of sight signal between the transmitter and receiver, i.e. many obstructions were blocking the signal between the transmitter and receiver, e.g. a door, metal cabinets, and walls. Figure 9 , a two dimensional graph, shows a chaotic distribution, i.e. a random behavior of received signal strength, as expected. Regarding non-LOS scenario, it is noticed that there was no clear evidence of a constructive and destructive interference pattern. This phenomenon is expected because of the various types of obstacles between the transmitter and receiver. In the non-LOS scenario, the obstacles between the transmitter and receiver are walls, metal cabinets, and other equipments inside the room, wherein the transmitter was placed outside the room in the hallway. In a non-LOS phenomenon, both a constructive and destructive interference occur; however based on Figure 9 , we notice more destructive interference, which is justified by the obstacles that were present between the receiver and transmitter. Furthermore, we notice that there are many blue and yellow zones, i.e. low peaks, which is due to the far distance between the receiver and transmitter and also the number of obstacles between the transmitter and receiver in which the transmitted power weakens. Figure 10 shows the data when an aluminum foil reflecting sheet was set up behind the receiver track. As shown in the graph, the histogram almost approaches a TWDP distribution except the TWDP distribution does not show the two peaks. We suspect that the reason the two peaks are not shown in this distribution is because we did not account for the fact that the interference may follow a strict pattern based on the difference in path length. If true, the phases of the two specular components are not random with respect to each other, as assumed by [3] .
Non-Line-of-Sight (nLOS)

Two-Wave Diffuse Power (TWDP)
Supporting this hypothesis, in Figure 11 , there is a constructive interference pattern and there is a deconstructive interference pattern, i.e. a deep fade. Now the angular movement of the receiver is another factor that is causing an interference. It is noticed that the high peaks at the x-axis from 0 cm to 15 cm and along the y-axis, wherein the deep fade is within the high peaks. Furthermore, the high peaks are fairly uniformly spaced interference pattern. When the x-axis is from 15.24 cm to 45.72 cm along the y-axis in which the receiver is considerably too far from the transmitter, a chaotic effect occurs, and thus a specular component is weaker and chaotic effect is more significant. There is similar pattern high peak at the right side but weaker than the right side due to the fact that the right side is further from the transmitter than the left side. Thus, If the right side were to be normalized, a similar pattern as the left side will be realized, i.e. uniformly high peaks denoted by red color.
Closer to the reflector, the spot size diminishes, as the receiver detects less of the diffusion of the reflected wave. As the receiver moves along the y-axis, constructive and destructive interference still seems to appear, only as diffused streaks. The transmitter, receiver, and reflector now do not lie along a line, so the angle of reflection has an effect, changing the path length difference as well as introducing a non-180 degree phase change as reported in [14] . Thus, if you are at the right distance from a reflector, the statistical model for measuring the signal breaks down because the primary and reflected specular components have predictable phase with respect to one another and not random phase as assumed in the TWDP model. Figure 12 shows a Two Wave Diffuse Power, which is similar to Figure 11 , however, this time a metallic cabinet was used as a reflector instead. We notice that the constructive and destructive pattern is not as strong as the one with the aluminum foil. This is due to the metal cabinet not being as strong reflector as the aluminum foil. In other words, there is a loss of signal most likely through absorption. We notice as the receiver moves away from the metal block, a pattern of constructive and destructive interference occurs, i.e. red zones and blue zones. However, there are not many red zones, i.e. high peaks, which is due to the fact that the metal cabinet not being a strong reflector, i.e. there is loss in signal most likely through absorption. 
Conclusion
This paper has presented a new measurement technique, 2D measurements while the receiver is in motion in both x and y directions, in which an improved characterization of the small-scale fading 2D was achieved. A detailed two dimensional measurement campaign is conducted for capturing the impact of the variations in the received signal envelope over an indoor wireless channel. We conducted measurements based on three scenarios, LOS, NLOS, and TWPD. From the measured data, we extracted individual distributions of small scale fading, LOS, NLOS, TWDP. Next we used a Rician distribution, i.e. LOS, NLOS, and TWDP to approximate the small scale fading distribution. Then we compared said distributions to their theoretical models. We also analyzed the constructive, destructive interference patterns utilizing the two dimensional data captured from the received signal. The 2D measurements showed data for Rayleigh and Rician scattering that better match theoretical models than previous 1D measurements. In particular, the non-line-of-sight data was very close to the theoretical Rayleigh distribution, while previous 1D measurements had a greater root-mean-squared error between model and data. In addition, an attempt to construct a Two Wave Diffuse Power distribution, which showed regularly, spaced peaks in certain regions of the measurement plane, consistent with non-random interference of the primary and reflected specular components. Based on these 2D measurements, we can conclude that the Rayleigh model is likely to be the best when there is no line of sight between transmitter and receiver. However, if there is such a line of sight, a Rician distribution may not adequately represent reality due to metal objects, which reflect radio waves being common in most workplaces. Receivers close to such objects, for instance a laptop near a metal cabinet, may even experience interference of components with non-random phase, at which point the traditional statistical models break down.
